Multiply
By To obtain Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F = (1.8 × °C) + 32.
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:°C = (°F -32) / 1.8.
Datum
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to the distance above the vertical datum.
Altitude, as used in this report, refers to the distance above the vertical datum as referenced only to the Groundwater Site Inventory (GWSI) database as accepted GWSI nomenclature. 
Abstract
Datum conversions from the National Geodetic Vertical Datum of 1929 to the North American Vertical Datum of 1988 among inland and coastal gages throughout the hydrologic regions of New England, the Mid-Atlantic, and the South Atlantic-Gulf have implications among river and storm surge forecasting, general commerce, and water-control operations. The process of data conversions may involve the application of a recovered National Geodetic Vertical Datum of 1929-North American Vertical Datum of 1988 offset, a simplistic datum transformation using VDatum or VERTCON software, or a survey, depending on a gaging network datum evaluation, anticipated uncertainties for data use among the cooperative water community, and methods used to derive the conversion. Datum transformations from National Geodetic Vertical Datum of 1929 to North American Vertical Datum of 1988 using VERTCON purport errors of ± 0.13 foot at the 95 percent confidence level among modeled points, claiming more consistency along the east coast. Survey methods involving differential and trigonometric leveling, along with observations using Global Navigation Satellite System technology, afford a variety of approaches to establish or perpetuate a datum during a survey. Uncertainties among leveling approaches are generally <0.1 foot, and Global Navigation Satellite System approaches may be categorized with uncertainties of ≤0.1 foot for a Level I quality category and ≥ 0.1 foot for Level II or III quality categories (defined by the U.S. Geological Survey) by observation and review of experienced practice. The conversion process is initiated with an evaluation of the inland and coastal gage network datum, beginning with altitude datum components and the history of those components queried through the U.S. Geological Survey Groundwater Site Inventory database. Subsequent edits to the Groundwater Site Inventory database may be required and a consensus reached among the U.S. Geological Survey Water Science Centers to identify the outstanding workload categorized as in-office datum transformations or offset applications versus out-of-office survey efforts. Datum conversions or datum establishment for the inland or coastal gaging network should meet datum uncertainty requirements among other Federal agencies. Datum uncertainty requirements are ± 0.25 foot for U.S. Army Corps of Engineers water-control or construction projects and ± 0.16 foot for Federal Emergency Management Agency field surveys and checkpoint surveys used for mapping. River level forecasts generally are defined as ± 0.10 foot among the National Oceanic and Atmospheric Administration-National Weather Service. Collaboration and communication among the cooperative water community is necessary during a datum conversion or datum change. Datum notification time-change requirements set by the National Oceanic and Atmospheric Administration-National Weather Service vary from 30 to 120 days, depending on datum conversion or datumchange case scenarios. Notification times associated with these case scenarios may be useful to the National Oceanic and Atmospheric Administration-National Weather Service and U.S. Army Corps of Engineers, because their daily operations are time sensitive, unlike the notification time change requirements of other entities that make up the cooperative water community. At the time of this writing, a future geopotential datum resulting from Gravity for the Redefinition of the American Vertical Datum is anticipated in 2022. A future version of VDatum and VERTCON is anticipated to provide a transformation among North American Vertical Datum of 1988 elevations to the new geopotential datum.
Introduction
Consistent and accurate elevation data are fundamental to water-data collection and water science by assuring effective management and protection of water resources, in addition to minimizing the loss of life and property as a result of water-related hazards. Examples such as flood protection and water capacity are concepts that require accurate elevation data to define the extent of protection or the availability of water. The U.S. Geological Survey (USGS) operates nearly 10,000 streamgages throughout the country that are used for a variety of applications, such as navigation, water control, power generation, transportation infrastructure, municipal public works, environmental compliance, flood forecasting, and recreation. Many of these applications depend on a vertical reference datum plane with minimized uncertainty and often require periodic evaluation.
The context of datum as referred to in this document reflects elevation as referenced to the National Spatial Reference System (NSRS), a system defined, managed, and maintained by the National Oceanic and Atmospheric Administration (NOAA), National Geodetic Survey (NGS), to ensure consistency among coordinate systems that define latitude, longitude, height, scale, gravity, and orientation throughout the United States (NOAA, 2016g) . Datum as referred to in this document is more appropriately described as the geodetic datum or tidal datum, and a distinction should be made from a "gage zero" or local datum associated with a streamgage referenced to local benchmarks or reference marks that represent a surface used as a zero point for stage or gage height measurements. Geodetic datum essentially defines a land-based datum, which represents a set of constants specifying a coordinate system used for geodetic control, including all points and lines the coordinates, lengths, and directions of which have been determined by measurement and calculation (NOAA, 2016i) . A tidal datum is referenced to a certain phase of the tide and is used to measure water levels with similar oceanographic characteristics (NOAA, 2016h) .
The NSRS is a clearinghouse for datum revisions resulting from crustal motion, postglacial rebound, and subsidence. Two common geodetic datums-the National Geodetic Vertical Datum of 1929 (NGVD 29) and the North American Vertical Datum of 1988 (NAVD 88)-are referred to throughout the hydrologic regions of New England, the Mid-Atlantic, and the South Atlantic-Gulf, known as the tri-hydrologic region area. The Sea Level Datum of 1929 (SLD 29) was part of a general adjustment involving fixed locations at 26 tide gages-21 were in the United States and 5 were in Canada. SLD 29 was renamed NGVD 29 when it was officially adopted in 1976 (NOAA, 2016i) . In 1991 an adjustment was made to NGVD 29, identifying NAVD 88 as a result of tectonic and local movement, coupled with monuments that had been destroyed (NOAA, 2016c) . NAVD 88 was held fixed at only one tide gage (whereas 26 tide gages were referenced to NGVD 29) as a result of demonstrated variations in sea surface topography (NOAA, 2016i) . The time span between the 1929 (SLD 29/NGVD 29) and 1991 (NAVD 88) adjustments encompassed the generation of a considerable amount of hydrologic data. The need to convert or update these data led to the 1993 directive issued from the Federal Geodetic Control Subcommittee (FGCS) to affirm NAVD 88 as the official civilian vertical datum for surveying and mapping performed or financed by the Federal Government (NOAA, 1993) .
The conversion of geodetic datums at gaging stations does not involve one specific uniform, consistent, and transferrable approach for all gages in the tri-hydrologic region. An evaluation of the local gaging network datum and methodologies for conversion is required to ensure consistency and to further plan and evaluate costs associated with conversions.
Distinction and Purpose of Inland and Coastal Gages
The tri-hydrologic region consists of three nationally recognized hydrologic units-the New England, Mid-Atlantic, and South Atlantic-Gulf-that are delineated on the basis of natural drainage areas (Seaber and others, 1987) . The tri-hydrologic region lies within 22 states along the eastern seaboard from Maine to Florida and along the Gulf Coast from Florida to Louisiana ( fig. 1 ). Approximately 70 percent of the estimated 3,200 inland and coastal gages within the tri-hydrologic region reference a vertical datum other than NAVD 88, and about half of the gages reference NGVD 29 (USGS, 2016b) .
The streamgaging network is cooperatively operated by the USGS and Federal, State, Tribal, and local agencies (Norris, 2010) . The main purpose of the inland and coastal gage network is to provide water-quality and quantity infor mation for the protection of life and property; provide information about flood, drought, and poor water-quality conditions; inform water-supply, sustainability, and regulatory decision making; guide infrastructure design, such as bridges, roads, and dams; and provide information for recreational activities. Data from coastal gages also are used to determine variability and long-term trends of sea level; determine water-quality conditions within marine environments; calibrate models that predict future sea level change; and provide critical information during intense coastal storms that can be used to protect life and property (NOAA, 2016e) .
Geodetic datums (NGVD 29 or NAVD 88) typically are used as the origination datum for USGS coastal gage sites. Conversions from geodetic datums to tidal datums at coastal gage sites are used to better understand the tidal range at a site prior to installation of a gage.
The example of tidal datum heights above or below NAVD 88 shown in figure 2 is specific to the NOAA gage site located in Battery Park, New York County, New York. The height of tidal datum above or below a geodetic datum is spatially variable and is dependent on the site-specific nature of oceanic characteristics at a particular gage site (NOAA, 2016h) . Tidal datums should only be used as references to measure local water levels. The conversion values shown in figure 2 should not be applied to tidal datum conversions at other gage sites. The New England, Mid-Atlantic, and South AtlanticGulf hydrologic regions are defined by the topography of a hydrologic area that contains either the drainage area of a major river or the combined drainage areas of a series of rivers (Seaber and others, 1987;  fig. 1 (Seaber and others, 1987;  fig. 1 ). Drainage from this hydrologic region discharges into the Atlantic Ocean between the States of New York and Virginia, the Long Island Sound south of the New York-Connecticut boundary, and the Richelieu River, which is a tributary of the St. Lawrence River. There are approximately 1,060 coastal and inland gage sites in region II, of which 670 sites reference a datum other than NAVD 88 (USGS, 2016b).
The South Atlantic-Gulf hydrologic region (region III) ultimately discharges drainage into the Atlantic Ocean between the States of Virginia and Florida, the Gulf of Mexico between the States of Florida and Louisiana, and the associated waters. Region III includes Florida and South Carolina, and parts of Alabama, Georgia, Louisiana, Mississippi, North Carolina, Tennessee, and Virginia (Seaber and others, 1987;  fig. 1 ). The NWIS database indicates that approximately 1,270 of the 1,760 gage sites within the South Atlantic-Gulf region reference a datum other than NAVD 88 (USGS, 2016b). (USGS, 2016a) .
Elevation data collected through the SWaTH network are currently reported in NGVD 29, NAVD 88, or a local vertical datum (McCallum and others, 2013; USGS, 2016c) . Temporary short-term network sites such as rapid deployment gages and mobile storm-tide sensors reference NAVD 88 because objective points-an established point in a global navigation satellite system (GNSS) and considered to be a foresight in terrestrial surveying (Rydlund and Densmore, 2012) -typically are established with a GNSS survey and are configured to use the current vertical datum of the United States (NAVD 88; William Capurso, U.S. Geological Survey, written commun., 2016) . Additionally, high water marks that are measured after large coastal storm events with conventional (terrestrial) or satellite-based surveying methods also reference NAVD 88. Some long-term USGS tidal and coastal gages that are part of the SWaTH network and reference NGVD 29 (or other datums) will need to be converted to NAVD 88 before storm-related data are disseminated (Ron Busciolano, U.S. Geological Survey, written commun., 2016). Less than 25 percent of the sites that compose the SWaTH network are considered long-term USGS coastal or tidal gages.
Datum Transformation Models
Datum transformations are executed by way of mathematical-based models. Vertical datum transformation models are developed using raw survey data, offering expediency in conducting a conversion from NGVD 29 to NAVD 88.
Vertical Datum Transformation (VDATUM)-Coastal Land-Water Interface
Historically NOAA and the USGS coordinated datum transformation efforts that tied coastal bathymetry to topographic digital elevation models, resulting in the development of the VDatum software. This software provides a suite of datum transformations with the intention of addressing vertical movement of coastal water levels and land in both space and time (NOAA, 2016i) . VDatum transformations interrelate tidal datums among a land-based fixed benchmark representing a geodetic datum, typically NAVD 88.
Common tidal datums (table 1) are defined by a specific tide phase referenced to a 19-year period or epoch of time (National Tidal Datum Epoch 1983 -2001 and are used as references to measure local water levels (Gill and Schultz, 2001 ). The tidal datum mean lower-low water (MLLW) is the most commonly used reference for predictions, benchmark publication, and nautical charting (Gill and Schultz, 2001 ). Coastal navigation projects and general surveying are commonly referenced to MLLW. Regarding the inland and coastal gage network, the primary use of VDatum is to convert tidal predictions from a MLLW datum to a geodetic datum that enables the residual water level (observation minus prediction) to be computed. If the residual water level is positive, it is generally considered to be storm surge (Christopher Schubert, U.S. Geological Survey, written commun., 2016).
There are 23 tidal regions or modeled grids within the tri-hydrologic region that are delineated by different oceanic characteristics. Tidal datum is specific to each modeled grid, requiring geodetic datum to relate tidal datums between grids. Each of these modeled grids is developed by local tidal gage datum and represents expressions of random uncertainty quantified in terms of a standard deviation. Normally distributed, the standard deviation is a measurement of the average size of the error in the dataset (NOAA, 2016i) . Error expressed by the use of VDatum is defined both by the source data and the process of the transformation. Datum transformations begin with International Terrestrial Reference Frame (ITRF), defined as a world spatial reference system defined by a geocentric system of coordinates, and continue through a series of core datums to output several classifications of vertical datum, both tidal and geodetic (NOAA, 2016i) . Some USGS offices use VDatum conversions at potential tide gage locations to understand the tidal range prior to platform installation. Offices such as Coram, N.Y., use VDatum to convert tidal predictions from MLLW to geodetic datum so water levels, more specifically storm surge, can be calculated at many gage sites located on Long Island, in New York City, and in downstate New York. For coastal flooding and storm surge, the National Weather Service (NWS) provides forecasts referenced to tidal datums such as MLLW and mean higherhigh water (MHHW), which require VDatum conversions to relate the land-water interface.
The maximum cumulative error (MCU) is a representation of both source data and error in the transformation, which is obtained by the square root of the sum of the squares of the individual uncertainties from a sequence of conversions (NOAA, 2016i). The MCU is represented as a standard deviation (σ) at the 68 percent confidence level. Figure 3 illustrates an overview of these tidal regions and anticipated MCU for conducting datum transformations using VDatum, thereby giving the user an overall sense of error budget in the utility.
Tidal region uncertainties are a function of tidal range and tide-phase differences, bathymetric and coastal features, and the density and proximity of nearby geodetic and tide stations used in the assessment (NOAA, 2016i) . For the 23 tidal regions within the tri-hydrologic region, MCU ranges from 0.26 foot (ft) to 0.56 ft. Maximum cumulative errors range from 0.31 ft to 0.56 ft for the New England region, 0.29 ft to 0.40 ft for the Mid-Atlantic region, and 0.26 ft to 0.56 ft for the South Atlantic-Gulf region.
North American Vertical Datum Conversion (VERTCON)
A common datum transformation utility known as VERTCON was initially developed in 1994 to provide a height conversion between common geodetic datums NGVD 29 and NAVD 88. The methodology involved the development of a physical model that was corrected to 381,833 datum difference (benchmark) values with a 68 percent confident predictive capability assessed at the ± 0.065 ft uncertainty level (Milbert, 1999) . Although confidence is generally more consistent in assuring ± 0.065 ft uncertainties in the Eastern United States, it is ultimately best assured near modeled points or where two sets of leveling (NGVD 29 and NAVD 88) overlap (Milbert, 1999) . One-fourth as many benchmarks are used for the NGVD 29 adjustment as are used for the NAVD 88 adjustment (Zilkoski and others, 1992) , resulting in sparse regions where NGVD 29 data do not exist, thereby producing VERTCON uncertainties closer to the decimeter level or less in some areas (M. Armstrong, National Geodetic Survey, oral commun., 2014). For the tri-hydrologic region, NGVD 29 datum is approximately 0 to 1.3 ft above NAVD 88, with the exception of southern Florida where NGVD 29 is 1.3 to 1.6 ft above the NAVD 88 datum plane (Milbert, 1999) .
The VERTCON model is developed from both NGVD 29 and NAVD 88 differential leveling lines. There are some cases where NGVD 29 "problem" lines may occur, often revealed when dramatic datum transformation differences are computed within a small area. For these circumstances, it may be appropriate to use a location slightly distant from the objective point to compute the transformation, no matter how close objective points may approach a recovered "problem" line revealed in the transformation (Milbert, 1999) . The datum transformation utility will never achieve the uncertainty of geodetic leveling and is only reliable within the boundaries of the lower 48 United States (Milbert, 1999) . For the tri-hydrologic region, the density of level lines for both NGVD 29 and NAVD 88 is generally more sufficient than in other parts of the country (D. Martin, National Geodetic Survey, oral commun., 2016). As a result of better represen tation of NGVD 29 and NAVD 88 level lines throughout most of the tri-hydrologic region, it may be generally assumed to use VERTCON with more consistency among a purported error of ± 0.065 ft at the 68 percent confidence level and ± 0.13 ft at the 95 percent confidence level. Assuming a general consistency of this error throughout the tri-hydrologic region, a conversion of an elevation with an inherent uncertainty or error greater than the purported error of the VERTCON utility is futile and should not be undertaken for the sake of conversion.
At the time of this writing, the NGS continues work to establish an error map associated with VERTCON transfor mations that are planned to be available through a newer version of VERTCON, tentatively referred to as VERTCON 3.0 (D. Smith, National Geodetic Survey, written commun., 2016). 
Datum Uncertainty Evaluation and Determination
Evaluation of vertical datum uncertainty should begin with the methodology used to perpetuate or establish vertical datum. Differential and trigonometric leveling, as well as GNSS-derived surveys, are common methods used to derive vertical datum, requiring an understanding of appropriate use and error analysis.
Differential Leveling Methods
Differential leveling (historically known as spirit leveling) conducted by the USGS began in the late 1800s for the purpose of establishing topographic control that predominantly followed third-order standards (Staack, 1938) . Third-order standards set by the Federal Geodetic Control Subcommittee (FGCS) are generally desired to provide elevations for immediate control of cadastral, topographic, and construction surveys along with engineering projects (FGCS, 1984) ; however, more modern leveling conducted by the USGS, specifically at gaging stations, adopts first-and second-order requirements as well as third-order standards (Kenney, 2010) . For local leveling circuits conducted at a gaging station, the absolute value of the closure error must be less than or equal to 0.003 ft √n, where n is the total number of instrument setups and may not exceed |0.015| ft regardless of the number of instrument setups (Kenney, 2010) . Longer level circuits are typically required to perpetuate datum elevation from benchmarks to gaging stations. As a result, Kennedy (1990) acknowledges the third-order standard held early on for setting topographic control (Staack, 1938) and subsequently used to perpetuate datum elevation to leveling networks at gaging stations where closure error must be less than or equal to 0.05 ft √M, where M is measured in miles out and back in a level circuit. A rough terrain or hilly country allowance was subsequently noted by Kennedy (1990) where closure error must be less than or equal to 0.10 ft √M. A deviation from the third-order standard is noted by Kennedy, using ordinary equipment and procedures with longer site distances and rod readings to 0.01 ft, thereby acknowledging leveling errors that may exceed third-order standards (Kennedy, 1990) . Allowable closure error defined by instrument setups may not exceed |0.015| ft (Kenney, 2010) , which may imply a limited allowable circuit length opposed to allowable closure error defined by unlimited distance (Kennedy, 1990) . In general, differential leveling continues to be the most accurate method for perpetuating elevation, affording measurement precision to 0.001 ft for closure errors defined by instrument setups and 0.01 ft for those errors defined by distance.
Trigonometric Leveling Methods
Total station instruments essentially are electronic theodolites combined with an electronic distance measurement (EDM) device used to obtain horizontal, vertical, and slope distances that translate to X-Y-Z coordinates through an onboard microprocessor (U.S. Army Corps of Engineers [USACE], 2007) . Total station instruments can be categorized by the angular uncertainty of the instrument, expressed as arc-seconds. In theory, elevation error resulting from angular uncertainty can be calculated by taking the cosine function of 90º plus or minus the angular uncertainty of the total station multiplied by the foresight distance. For example, a 5 arcsecond total station that measures an objective point 500 ft from the instrument can expect an error of ± 0.012 ft (Kavanagh, 2004) . Angular uncertainties less than 5 arc-seconds generally are referred to as more precise, whereas those above 5 arc-seconds are referred to as construction grade. The total station instrument is not limited to a horizontal line of sight and is commonly used to measure elevation differences determined from observed vertical angles and known distances, a process defined as trigonometric leveling.
Although a variety of trigonometric leveling procedures using total station instruments have been defined in several sources of literature, common assurances involve averaging multiple observations of reciprocal direct and reverse zenith angle measurements (also known as face 1 and face 2 measurements) within a limited site distance, generally not to exceed 500 ft. Adhering to rigorous field procedures and accounting for error sources stemming from the environment, instrument, and operation, some literature sources proclaim third-order standards with maximum site distances of as much as 1,000 ft (USACE, 2007) . Field procedures involve care in instrument setup and leveling, sun and wind protection, quality prism reflectors and offsets, accurate accounting of pressure and temperature, accounting of curvature and refraction, visible and accurate target pointing, routine collimation or calibration, plumb assurance, limited site distances, and multiple observations of reciprocal measurements. Additionally, differential leveling results can be compared to trigonometric leveling results using the same control points (and same atmospheric conditions) to evaluate the accuracy of the trigonometric leveling method (Kavanagh, 2004) . As a rule of thumb, total station instruments require annual manufacturer service calibrations that address such things as EDM alignment and offsets as part of testing to assure product specifications for angular uncertainty and distance.
Combining vertical angle and distance error sources related to the environment, instrument, and operation over a 500-ft line generally yields ranges from -0.02 to +0.05 ft in vertical angle measurements and -0.04 to +0.05 ft in distance measurements (USACE, 2007) . Although both angular and distance-related errors are inherent to the total station, owing to the angular uncertainty of the instrument, the dominant error source is generally attributed to distance. As a result, trigonometric leveling should employ circuits with closing error revealed on the origin mark that is proportioned along the line (between objective points) by distance. Method comparisons from cited sources and general practice assure trigonometric leveling can maintain uncertainties of <0.1 ft (USACE, 2007; Grgić and others, 2010; Nestorović and Delčev, 2014) .
Although the precision of this method is generally subordinate to differential leveling, an increase in efficiency through hilly terrain generally outweighs an increase in allowable error. For distances (between instrument setups) ≤500 ft, using instruments with angular accuracy <5 arc-seconds that abide by strict field procedures and accounting for error sources noted prior, trigonometric leveling is the second-most precise method of perpetuating datum elevation to leveling networks at gaging stations to 0.01 ft.
Global Navigation Satellite System (GNSS) Methods
The most common method of establishing geodetic datum at gaging stations involves the use of GNSS observations. Overall error assessments are difficult to quantify because measurements are based on the uncertainty of the hybrid geoid model and instrument specifications as well as error sources recovered in the field that pertain to sufficient observations, position dilution of precision, receiver communication, multipath signals, and proper identification of the antenna and reference point (Rydlund and Densmore, 2012) . Although distance-weighted error and fixed error in real-time GNSS equipment are more definitive-generally 0.065 ft (fixed) + 1 part per million (distance)-the error is only a fraction of the overall error budget.
Quality representations of GNSS surveys are categorized by Rydlund and Densmore (2012) as a result of the difficulty of numerically representing uncertainty in the method. An assessment of the quality of the fiducial benchmark (attributes lending to confidence as a basis for comparison) used for observations is taken into consideration along with effective field practice, such as bubble check and calibration of tripods or bipods, stabilization of tripods or bipods, sufficient mission planning, and assurance of the antenna reference point (Rydlund and Densmore, 2012) . Quality categories of GNSS survey Levels I, II, and III are all identified as a survey-grade or centimeter-level precision (0.033 ft) approach. As a result of years of method practice referenced to Rydlund and Densmore (2012) and surveying efforts along the Atlantic Gulf Coast during Hurricane Sandy (McCallum and others, 2013), a general distinction has been made between Level I surveys that generate an approximate uncertainty of ≤0.1 ft and Level II and III surveys that generate an approximate uncertainty of ≥0.1 ft. This is a general distinction and may not be consistent because uncertainty approximates may interchange among quality categories. For example, a single-base Online Positioning User's Service (OPUS) post-processed survey that meets all of the Level I criteria may have a vertical peakto-peak orthometric value (representative uncertainty value, Rydlund and Densmore, 2012) of 0.23 ft, which exceeds the ≤0.1 ft categorization for a Level I survey. Although establishing or perpetuating datum elevation using GNSS methods may be more efficient and cost effective, the method continues to generate more uncertainty on average than differential and trigonometric leveling.
Datum Conversion Process
Throughout the tri-hydrologic region, the cooperative streamgage network continues to be predominantly represented by NGVD 29, NAVD 88, datums loosely derived from topographic or digital elevation products, and datums that are simply unreported. Despite the 1993 directive issued from the FGCS to affirm NAVD 88 as the official civilian vertical datum, nearly two-thirds of the streamgage network is represented by NGVD 29 or a derivation from topographic or digital elevation products. A requisite survey or resurvey may be cost prohibitive, requiring a further evaluation of the network and conversion techniques to offer low-cost alternatives.
Evaluation
An evaluation of the gaging network and information sources used to provide datum elevation must be conducted as a first step in the datum conversion process. Data mining through the USGS Groundwater Site Inventory (GWSI) System database should begin with querying datum components as suggested in table 3 (USGS, 2004) . Subsequent datum codes for altitude determination (table 4), geodetic vertical datum of altitude determination (table 5), and reason for datum change (table 6) are useful querying subset information in supplementing the initial evaluation of the network (USGS, 2004) . The GWSI database may uncover unreported datum and there may be occurrences when datum codes may not be appropriately reflected in GWSI and should be scrutinized after the initial evaluation. Suspect codes should A generalization of method precision and uncertainty is provided in table 2. Method uncertainties are useful for evaluating the datum conversion process as well as meeting datum uncertainty requirements among the cooperative water community. first be modified to correctly represent all datum components at gaging locations. In addition, there may be datum updates that have not been uploaded into GWSI, such as locally stored metadata that should be investigated. After a final evaluation of quality assured and updated GWSI datum components, a summary list should prevail, indicating the extent of the gaging network requiring datum conversion. In addition to current gage network datum evaluations, it is necessary to assess proximity of trusted benchmarks to gage locations. The trusted benchmark has the assurance of quality and stability, and represents a current datum and adjustment that is recommended for GNSS localizations (Rydlund and Densmore, 2012) . The National Geodetic Survey Integrated Database (NGS-IDB) is the most appropriate source for recovering benchmark information and benchmark evaluation. Aside from extracting benchmark information from the NGS-IDB, applications such as DSWORLD (NOAA, 2016b) and Find-A-Control (Critigen, 2016) are common smart device utilities referenced to the NGS-IDB that are often used in the field. The mission of the NGS is to define, maintain, and provide access to the NSRS. Part of the NGS mission includes dissemination of survey benchmark information in the form of a datasheet (NOAA, 2015b). Datasheets extracted from the NGS-IDB report first-and second-order benchmarks with heights expressed to ± 0.01ft and third-order benchmarks to ± 0.1 ft. Although some GNSS approaches rely solely on active monumentation, based on continually operating reference stations (CORS) to establish gage datum, benchmarks should continue to be used as a frame of reference or localization for most GNSS methods (in addition to differential and trigonometric leveling methods) like static network, static single-base OPUS-S and RS, and real-time positioning surveys (Rydlund and Densmore, 2012) .
Fiducial benchmarks are preferred to represent uncertainties of first-or second-order (±0.01 ft) benchmarks. In addition to leveling error in the third-order network, third-order benchmarks are established from first-and second-order leveling networks, resulting in cumulative leveling error reflected in the third-order mark (Ogundare, 2015) . Although third-order benchmarks inherently have more uncertainty than first-or second-order marks, the magnitude of this uncertainty (Ogundare, 2015) is generally marginal compared to the uncertainty expressed in the various methods of perpetuating datum (table 2) . In addition, third-order marks have historically represented (to a lesser degree) fiducial benchmarks for leveling at USGS gaging stations and establishing datum. At a minimum, the use of a trusted third-order (as well as first and second order) benchmark as a fiducial mark would require publication in the NGS-IDB. In addition to geodetic information reviewed from the NGS-IDB datasheet, a Level I or Level II single-base static GNSS observation as described by Rydlund and Densmore (2012) may be conducted to further trust the use of any benchmark selected as fiduciary.
Process Selection and Execution
The process of conversion begins with an evaluation of the existing datum of the gaging network and surrounding benchmark quality and availability as described previously. The next step involves the conversion selection process beginning with the fiducial mark ( fig. 4) . If there is no evidence of a fiducial mark, a survey is required; however, evidence of a fiducial mark requires evidence of a survey tie to reference marks at the gaging location and further evaluation to ensure the fiducial mark is not subject to land-surface motion (subsidence or uplift).
The measured CORS velocities (NOAA, 2016a) offer a general sense of the vertical movement illustrated for the New England ( fig. 5 ), Mid-Atlantic ( fig. 6 ), and South Atlantic-Gulf ( fig. 7 ) hydrologic regions; however, the broad trends depicted in figures 5, 6, and 7 must always be tempered with descriptions of stability for each mark or area (for example, descriptions from the NGS datasheets). Although many benchmarks have deep rod construction or corrosion resistant metal disks set in a bedrock outcrop that prohibits excessive movement (FGCS, 1984 ; M. Schenewerk, National Geodetic Survey, oral commun., 2016), a localized disturbance such as land subsidence is possible. For example, subsidence has been particularly notable since the 1940s in the southern Chesapeake Bay region at rates of 0.004 to 0.016 foot per year (Eggleston and Pope, 2013) . In addition to sea-level rise, aquifer compaction from groundwater pumping in the southern Chesapeake Bay region has indicated movement as illustrated in figure 8 (Eggleston and Pope, 2013) .
Marks not subject to subsidence and uplift should be evident in the NGS-IDB and investigated further to assure absence of anthropogenic disturbance, adequate stability, and frequent usage as indicated in station recovery notes. It is recommended that fiducial marks be published in the NGS-IDB; however, there may be instances where fiducial marks are derived from local leveling networks, not published in the NGS-IDB, and may be used as exceptions with the assurance that first-or second-order standards as defined by the FGCS are evident in the metadata. The use of a third-order mark as a fiduciary mark requires publication in the NGS-IDB to assure that first-or second-order criteria have been met. Leveling-derived marks or leveled heights are preferred fiducial marks, but GNSS-derived marks published in the NGS-IDB that are derived from a height modernization project are suitable for use because these are established by meticulous procedures as outlined by Zilkoski and others (2008) .
Referring to figure 4, the outcome of the conversion process may be a survey, application of an offset between published NAVD 88 and NGVD 29 elevations, or the use of VDatum or VERTCON. As a result of extensive NGVD 29 and NAVD 88 leveling in the tri-hydrologic region, the use of VERTCON for datum conversions from recovered fiducial marks published in the NGS-IDB should have good consistency in representing a purported error of ± 0.065 ft at the 68 percent confidence level and ± 0.13 ft at the 95 percent confidence level. However, an assurance check may be conducted using the following steps:
1. Locate published benchmarks that represent a superseded NGVD 29 elevation and a NAVD 88 elevation in the NGS-IDB that are nearest to the fiducial mark.
2. Execute VERTCON on the fiducial mark and nearest benchmarks published in the NGS-IDB.
3. Compare the datum shift (difference) between published NGVD 29 and NAVD 88 elevations on the nearest benchmarks and the datum shift resulting from the VERTCON transformation on those same nearest benchmarks. Published NGVD 29 and NAVD 88 differences compared to the VERTCON results should generally have agreement within ± 0.065 ft (68 percent confidence) and ± 0.13 ft (95 percent confidence).
4. Compare the datum shift on the fiducial mark using VERTCON to the shift observed on the nearest surrounding benchmarks.
For smaller areas, datum shifts should be relatively consistent among the surrounding benchmarks and the fiducial mark; however, a large difference between datum shifts might be an indication of a lack of NGVD 29 leveling (benchmarks) or a problem line. In these cases the option of a survey might be necessary.
The decision tree ( fig. 4) should be used as another mechanism to filter gage network datum conversions and evaluate the time and expense to bring the entire network to the NAVD 88 datum. Decision tree outcomes indicating an application of an NGVD 29 to NAVD 88 offset or use of VERTCON are office exercises typically accomplished by data section staff. Surveys are generally cost prohibitive, but may be integrated into operational workflow as follows:
• Establish datum during a new streamgage installation or relocation.
• Establish datum during required routine leveling at streamgages.
• Establish datum at streamgages within the vicinity of scheduled gage maintenance.
• Initiate collaborative efforts among cooperators of the streamgage network that actively conduct surveys such as USACE or the State Department of Natural Resources (DNR) or Department of Transportation (DOT), or water-management districts. 
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Susqu ehan n a R iv er Surveys involve differential and trigonometric leveling as well as GNSS surveying. The decision tree ( fig. 4) illustrates the survey approaches and referenced specifications recommended to perpetuate elevation from a fiducial mark to reference marks at the streamgage location or to establish a new fiducial mark by GNSS methods.
Required datum conversions may not be limited to specific locations such as streamgages and may span large areas representing various topographic detail. For topographic datasets that span large areas, a spatially averaged conversion factor may be developed for the dataset, but caution should be exercised in the process because distortions as high as 30 ft may exist (NOAA, 2011b) . The process is outlined in the following steps (NOAA, 2011b):
1. Identify the USGS 7.5-minute, 1:24,000-scale topographic quadrangle series maps that are spanned by the topographic dataset.
2. Record the latitude and longitude of the corners of each USGS 7.5-minute quadrangle identified in step 1.
3. Determine the datum shift (NGVD 29 to NAVD 88) using VERTCON for each corner point determined in step 2.
4. Compute the average of the datum shifts for all corner points and the absolute value difference between the average conversion factor and the conversion factor for each corner point.
If the maximum difference between the average datum shift and the datum shift for each corner point is less than 0.25 ft, then the average datum shift shall be applicable to all points within the area spanned by the USGS 7.5-minute quadrangle.
Datum Uncertainty Requirements for U.S. Army Corps of Engineers (USACE), Federal Emergency Management Agency (FEMA), and the National Oceanic and Atmospheric Administration (NOAA)-National Weather Service (NWS)
At the time of this writing, the comprehensive evaluation of project datum (CEPD) is the most current guidance from the USACE for proper application of vertical datums used to reference flood control structure elevations or excavated depths in navigation projects (USACE, 2009). Guidance from CEPD identifies a benchmark requirement within 10 miles of a project as well as a published reference benchmark a short distance from a river gage (USACE, 2009). The current nominal target uncertainty standard has been defined as ± 0.25 ft for connecting USACE primary control benchmarks to NSRS. An uncertainty of ± 0.25 ft is a relative uncertainty to the NSRS network of survey control and is expressed at the 95 percent confidence level. Third-order standards provided by CEPD (USACE, 2007 (USACE, , 2012 are similar to USGS topographic standards (Staack, 1938 ) and ensure a closure error limit of 0.05√M, where M is measured in miles out and back in a level circuit. For gaging stations, USACE identifies a minimum establishment of three benchmarks, where at least one mark is connected to the NSRS (± 0.25 ft) and the remaining marks are surveyed to third-order leveling standards (USACE, 2009).
A higher order of relative uncertainty is stated for some USACE projects involving elevation difference uncertainties not achievable by some GNSS methodologies (USACE, 2009 ). Projects such as this exist in high subsidence regions or involve critical flood control structures. Primary project survey control benchmarks used in these circumstances should maintain a relative uncertainty of ±0.10 ft expressed at the 95 percent confidence level and follow NGS recommendations (Zilkoski and others, 2008) for GNSS-derived vertical control. For project requirements less than ± 0.10 ft (USACE, 2009), second-order differential leveling standards (USACE, 2007) are directed, which are similar to USGS topographic standards (Staack, 1938) representing a closure error limit of 0.035 ft √M as noted previously.
One of the primary components of the Federal Emergency Management Agency (FEMA) mission is regulatory oversight of the National Flood Insurance Program (NFIP), a program designed to reduce the impact of flooding on private and public structures (FEMA, 2016) . Flood insurance studies are a byproduct of the NFIP, subject to specifications and guidelines established by FEMA to quality assure (validate) ground surveys and mapping for a variety of spatial products. FEMA guidelines state an uncertainty of ± 0.16 ft for establishment of vertical control for field surveys and checkpoint surveys used to quality assure digital elevation datasets developed from photogrammetry or light detection and ranging (lidar; FEMA, 2002) . This uncertainty is recommended with GNSS-derived control, referenced to Zilkoski and others (2008) at the 95 percent confidence level. FEMA guidelines also allow the third-order standard (closure error limit 0.05 ft √M) for differential or trigonometric leveling for short distances during field surveys or for checkpoint survey locations in forested areas that need to be extended from a temporary GNSS-derived (± 0.16 ft uncertainty) control point established with suitable satellite observation.
Operationally the NWS defines flood impacts at or near gaging locations to correlate stage to inundation or as an impact of local infrastructure. Stage values from USGS gages are identified at critical locations, such as the top of floodgates or levees, low points in roadways, parking lots, or first-floor elevations of commercial businesses. In addition, the NWS has some limited maintenance gaging networks, such as wire-weight gages, throughout the United States to support single-point forecasts. Defining flood impacts and maintaining a point forecast at a wire-weight gage requires differential leveling, which is often conducted by the NWS or by a city or county surveyor. There is no written policy regarding survey tolerance for wire-weight gages; however, the NWS does have the ability to record to a 0.01 ft level of precision within an operational database that stores the zero gage elevation and datum (K. Lander, NOAA National Weather Service, written commun., 2016). Although there are no firm standards for establishing or maintaining gage datums, because the NWS abides by an agency policy that the gage owner (often the USGS) establishes and maintains the datum (NOAA, 2011a), river forecasts are issued to ± 0.10 ft, which may be inferred as a datum requirement (K. Lander, NOAA National Weather Service, written commun., 2016). Datum uncertainty may be summarized in the range of ± 0.10 to ± 0.25 ft among Federal cooperators USACE, FEMA, and NWS (table 7) and should be used as a guide for datum survey efforts tied to USGS gaging operations and resulting elevation standards.
NOAA's Center for Operational Oceanographic Products and Services (CO-OPS) manages a permanent observation network of water-level stations known as the National Water Level Observation Network (NWLON) used for navigation, recreation, and coastal ecosystem management (NOAA, 2016f) . The NWLON provides national standards for tide and water-level reference datums used for nautical charting, coastal engineering, international treaty regulation, and boundary determination (NOAA, 2016f) . A NWLON primary water-level station requires a stable network of 10 benchmarks, at least three of which represent a Class B stainless steel deep rod, detailed and classified by Floyd (1978) . 
Migration Planning and Publishing of Datum Changes
Oversight and control of datum conversion or datum change are afforded at the local USGS Water Science Center (WSC) level; however, implications may be far reaching to the cooperative water community and general public. The impacts of a datum change at inland and coastal gages are time sensitive among cooperating agencies such as NWS and CO-OPS as well as to USACE as a result of daily forecasting and water-control operations. In addition to forecasting and water-control operations, deterministic flood-inundation mapping has gained momentum over the past decade as another time-sensitive operational product available by NWS and USGS. Probabilistic flood-insurance studies generated by FEMA generally are not as time sensitive as forecasting products, but mapping products are heavily dependent on accurate elevations. Regardless, it is incumbent upon WSC staff to ensure appropriate planning, collaboration, and communication outside the WSC, along with appropriate dissemination of datum changes.
Coordination and Processing
Streamgage datum maintenance is important for hydrologic operations that provide information for Web pages, Rich Site Summary Web feeds, or Geographic Information System products by NWS. Changes to the gage datum may affect existing national, regional, and local databases (NOAA, 2011a), specifically for a change in gage zero datum (opposed to geodetic datum), often tied to forecasting and impact statements. Gage datum disseminated by the NWS is a reflection of datum used by the entity operating the streamgage. As a result, communication is essential between the USGS and the NWS-Weather Forecast Offices and River Forecast Centers for datum updates or conversions.
There are three situations or cases where NWS products and information provided through the Internet would be affected to varying degrees by the conversion of datum from NGVD 29 to NAVD 88 (NOAA, 2011a). Case A is represen tative of gaging locations where river observations are reported as gage height or stage values above gage zero. For this case, stage values are not affected because they are still reported as heights above the gage zero datum; however, a change in geodetic datum-the assigned elevation of the gage-has implications regarding elevation-sensitive applications such as hydraulic modeling and inundation mapping (NOAA, 2011a) . The USGS Office of Surface Water (OSW) Technical Memorandum 2013.02 requires a 90-day notice for a gage zero datum change to allow NWS adequate time to post public notices for forecast products (U.S. Geological Survey, 2013) . Although OSW Technical Memorandum 2013.02 pertains to a gage zero datum change, a minimum 30-day notification for a geodetic datum change is suggested because local service change notifications are generally recommended by NWS at least 30 days before revision (NOAA, 2011a) . Updates required by the NWS involve changing the "Gage 0" datum (nomenclature identified on the Advanced Hydrologic Prediction Service [AHPS] Web-based hydrographs) along with all affected values in the "about this location" table in AHPS for case A.
Case B involves gaging stations that report stage values as an elevation above a geodetic datum. An applied datum conversion (NGVD 29 to NAVD 88) will affect all observations reporting river, pool, or tailwater conditions. The implication of this change involves the following NWS revisions (NOAA, 2011a):
• "Gage 0" datum in AHPS-disseminated hydrographs
• "About this location" table in AHPS
• All historical crests and low-water records
• All flood impact and low-water impact information NWS identifies case B as a substantial change, affecting product content and automated parsing, and requires a service change of 120 days (NOAA, 2011a ). An addendum to OSW Technical Memorandum 2013.02, allowing a minimum notification of 120 days (opposed to 90 days), should be required for case B datum conversions.
A case C datum change is essentially twofold, a combination of both case A and case B, involving a change from gage zero datum observations to observations reported as elevations above a geodetic datum and geodetic-based observations to be converted from NGVD 29 to NAVD 88. These changes are more complex and require collaboration to assure NWS revisions similar to case B, with the addition of converting historical information from NGVD 29 to elevation-based gage heights in NAVD 88 (NOAA, 2011a) . A notification similar to case B of 120 days should be required for a case C datum change.
In all cases, datum conversions or datum change should be well communicated among the cooperative water community, more specifically with NWS, CO-OPS, and USACE. Datum change notification times described above for case scenarios A, B, and C are suitable for NWS, CO-OPS, and USACE, assuring closer collaboration and consistency among data, forecasting, and water-control operations. Table 5 defines the availability of geodetic vertical datum to be stored in GWSI. Although a variety of geodetic vertical datum may be stored in GWSI, at the time of this writing only one datum can be disseminated and, therefore, queried by way of NWIS. From within the NWIS (GWSI) software, users can query all of the datum history records; users outside of the USGS, however, will only see one datum because NWISWeb displays only one. Knowing the offset between NGVD 29 and NAVD 88 is important for projects and water-control operations within USACE or other legacy information from agencies still in transition between geodetic datums. Dissemination of two vertical datums, whether NGVD 29 and NAVD 88 or another legacy datum and NAVD 88, eases the migration of datum conversion or datum change among forecasting and water-control operations within NWS and USACE by providing a frame of reference for both current and legacy information. Until the functionality exists to disseminate two vertical datums through NWIS, many WSCs disseminate conversions directly on the inland or coastal NWIS gage station page ( fig. 9 ) or simply archive and disseminate a list of both datums or conversions to cooperators from the local WSC office. Dissemination of both NGVD 29 and NAVD 88 as illustrated in figure 9 involves accessing the USGS internal directory structure of NWISWeb located at /usr/opt/nwisweb as found in the NWISWeb manual (http://waterdata.usgs.gov/nwis/?nwisweb_manual_nwis.html) at the time of this writing. From the NWIS-side processing, the pathname is further expanded to the "nwis_host" directory and subsequent local directories to access a text file that is added to the NWISWeb Hyper Text Markup Language (HTML) page as shown in the example in figure 9 .
Dissemination
Referring to OSW Technical Memorandum 2013.02, changes to gage datum should also be documented by assuring entry of historic datum into the datum history (table 3) . At a minimum, this information provides a needed chronology to query and reference historic hydrologic information. 
Gravity for the Redefinition of the American Vertical Datum (GRAV-D)
The North American Vertical Datum of 1988 (NAVD 88) is the current vertical datum for the United States that is based on the height of the primary tidal benchmark that represents local mean sea level at Father Point/Rimouski, Quebec, Canada (NOAA, 2015c) . This datum cannot be maintained or perpetuated by the NGS because it is based on passive, terrestrial monuments that are not regularly checked for movement and are often destroyed by construction (NOAA, 2007) . Gravity measurements that support the NAVD 88 are out of date and do not represent the Earth's current gravity field. The accuracy of the NAVD 88 is expected to decrease over time because there is no large-scale tracking of gravity changes due to crustal deformation and movement from processes like subsidence, post-glacial rebound, and crustal motion. Additionally, because the NAVD 88 was determined by conventional leveling methods from a single point, it is prone to propagation of error as a function of distance from the origin. The buildup of error from conventional leveling created an approximate 3-ft tilt from southeast (Florida) to northwest (Washington) across the contiguous United States when compared to the latest gravimetric geoid model (NOAA, 2015c) .
Global Navigation Satellite System observations are measurements of ellipsoidal heights, which are converted to orthometric heights using a hybrid geoid model that is currently based on a network of terrestrial benchmarks (Henning, 2010; Rydlund and Densmore, 2012) . Therefore, the accuracy of GNSS-derived orthometric heights are inherently tied to the accuracy of the geoid model from which they are derived. The NGS (NOAA, 2001) defines a geoid as the equipotential surface of the Earth's gravity field, which best fits, in a least squares sense, global mean sea level. A need exists to produce a new geoid model that is representative of the Earth's dynamic gravity field. A static geoid model that is not updated over time to represent the Earth's current gravity field will reduce the accuracy of GNSS-derived orthometric heights.
In 2007, the NGS started work on the Gravity for the Redefinition of the American Vertical Datum (GRAV-D) project that models and monitors the surface of the Earth's gravity field (geoid) for the purpose of improving how elevations (heights) are determined in the United States and its territories (NOAA, 2010) . One of the goals of the GRAV-D project is to replace the current vertical datum of the United States with a new gravity-based, geopotential datum that references a gravimetric geoid accurate at the 0.033 ft level by 2022 (NOAA, 2016d). The new datum will be realized by determining ellipsoidal heights using GNSS and then removing the gravimetric geoid to arrive at the orthometric height at the point of interest in the new datum (NOAA, 2013) .
Expected Uncertainties
The NGS has set a goal of centimeter-level (0.033 ft) accuracy for the gravimetric geoid (NOAA, 2015c) ; however, the geoid will be difficult to model in mountainous area such as the Alaskan Range and the Rocky Mountains because of sparse surface gravity measurements and increased noise in the airborne gravity data (NOAA, 2013) . Conversely, the NGS expects to meet the 0.033 ft level accuracy goal near areas with lower-relief topography and more reliable surface gravity data. For both scenarios, the accuracy of the new datum will be much improved over NAVD 88. Orthometric heights resulting from GNSS that reference the gravimetric geoid will be accurate at the 0.066 ft level (0.033 ft derived from the geoid model, and 0.033 ft derived from GNSS; NOAA, 2015c).
Implication of a NAVD 88 Conversion
The NGS plans to implement the gravity-based vertical datum by 2022, which will become official pending approval by the FGCS (NOAA, 2015a The predicted change from the NAVD 88 to the gravitybased, geopotential datum can be estimated by subtracting the gravimetric geoid model (USGG 2009) from the existing NAVD 88 surface ( fig. 10 ). The predicted change is variable across the contiguous United States, which ranges from approximately greater than -3.4 ft (-1.04 meters [m] ) in the northwestern part of the country near the State of Washington to greater than 0.0 ft (0.00 m) near southern Florida. The average expected change is approximately -1.6 ft (-0.50 m), with an approximate 3 ft (1 m) tilt (CONUS tilt) from southeast to northwest, as described above (NOAA, 2015a) . The contiguous United States (CONUS) tilt is the suspected amount of uncertainty (described above) in the network of NAVD 88 benchmark heights in the lower 48 States that is made up of three components: (1) orthometric heights determined by conventional levels; (2) ellipsoidal heights obtained by GNSS; and (3) gravity data used to determine the geoid model (NOAA, 2013) . The latter two components are considered only a fraction of the CONUS tilt error budget because GNSS-derived ellipsoidal heights and measurements from GRACE satellite data that were used (in part) to determine the geoid model are known to be approximately 0.1 ft (0.02 m) over long wavelengths of approximately 125 miles (200 kilo meters). Therefore, the remaining error budget can be attributed to cross-country error buildup from conventional levels originating from a single point (NOAA, 2013) . 
Vertical Datum Conversion Process for the Inland and Coastal Gage Network in the Tri-Hydrologic Region
The estimated predicted change from the geodetic datum (NAVD 88) to geopotential datum for the tri-hydrologic region ranges from approximately less than -1.5 ft (-0.45 m) in the western part of the Mid-Atlantic region, near western Pennsylvania and New York, to a change greater than 0.0 ft (0.00 m) in the southern part of the South Atlantic-Gulf region, near southern Florida (fig. 10 ). Predicted change estimates were coarsely determined (interpreted) from the contours shown in figure 10 . The approximate predicted change for the New England, Mid-Atlantic, and South Atlantic-Gulf regions range from -1.3 ft (-0.40 
Future Datum Conversion Using GRAV-D
The NGS will provide a conversion surface between NAVD 88 and the new gravity-based geopotential datum for transformation of maps (NOAA, 2013) . Datum transformation tools such as VDatum and VERTCON will be updated by the NGS to accommodate conversions from NAVD 88 to the new geopotential datum (NOAA, 2015a) . These tools will be merged into a single utility for online browser-based compu tations and will be available as a geographic information system plug-in application. In anticipation of the new geopotential datum, it is recommended to establish a GNSS single-base static observation (minimum Level II quality standard available for Online Position User Service Database publication or OPUS-DB, Rydlund and Densmore, 2012) at gage locations or fiducial benchmarks because leveledheight-produced benchmarks representing only NGVD 29 and NAVD 88 adjustments will not be available for a direct transformation from NAVD 88 to the new geopotential datum. Gage locations or fiducial benchmarks with leveled-heightonly representations will be subject to an indirect datum transformation, representing "modeled" areas similar to locations that were not part of the 381,833 points used to develop the initial VERTCON transformation tool between NGVD 29 and NAVD 88 (D. Martin, National Geodetic Survey, oral commun., 2016).
Glossary accuracy
The degree to which measurements derived from static or real-time positioning represents "truth." Trusted monuments, as compared with GNSS positioning, are often used to evaluate accuracy during a campaign.
active stations (active control or monumentation) A receiver and GNSS antenna in a fixed location that are continually operating and collecting data. Continually operating reference stations (CORS) are active control stations.
adjustment Processing of a value or dataset to provide a precise or accurate result based on the inclusion of control data using the process of least squares. Adjustments are used in network surveys involving static data collection.
Antenna Reference Point (ARP)
A point on the exterior of the antenna to which the National Geodetic Survey references the antenna phase center position. Typically the bottom of the antenna mount.
Continually Operating Reference Stations (CORS)
A network of continually operating reference stations that provide Global Navigation Satellite System (GNSS) data consisting of carrier phase and code range measurements in support of three-dimensional positioning, meteorology, space weather, and geophysical applications through the United States, its territories, and a few foreign countries.
control point A benchmark representing assigned coordinates by terrestrial or satellite surveying techniques.
crustal motion Changes in time of the position and height of the Earth plates.
datum In geodetic terms, the datum is defined by its reference surface, an origin, an orientation, gravity, and a scale. The North American Datum of 1983 (NAD 83) is defined by the Geodetic Reference System of 1980 (GRS 80) ellipsoid, at an origin near the center of the mass of the Earth, with axes oriented through the equator and at right angles, with a scale unit based on the international meter. The realization of this datum is through a reference such as monumentation on the ground or GNSS satellites with the ground control segment.
Dilution of Precision (DOP)
An indicator of satellite geometry quality for a unique constellation. Poor satellite geometry leads to poor DOP and poor triangulation and location estimation. A low DOP value represents a better positional precision due to wide angular separation between the satellites used to calculate a terrestrial position.
DSWorld Application used to display geodetic information by way of National Geodetic Survey datasheets in a world view through Google Earth.
ellipsoid height The height above or below a mathematically defined surface or ellipsoid (for example, Geographic Reference System 1980 (GRS 80) or World Geodetic System 1984 (WGS 84) that provides a representation of the Earth, flattened slightly at the poles, and bulging somewhat at the equator. The height coordinate determined by a GNSS observation is related to the surface of the ellipsoid, typically WGS 84.
fiducial Accepted as an origination or standard of reference.
Find-A-Control
Application that accesses the National Geodetic Survey Integrated Database (NGS-IDB) through a mobile field device. geodetic survey Surveys conducted for the establishment of control networks, which are the basis for accurate positioning and navigation. These surveys account for refraction, curvature of the Earth, atmospheric conditions, and gravity as opposed to "plane" surveys that generally ignore these considerations.
geoid The equipotential surface of the Earth that most closely approximates global mean sea level.
Global Navigation Satellite System (GNSS) A satellite navigation system with global coverage.
